Introduction
Over the last 25 years a considerable research effort has concentrated on the eicosanoids, and great progress has been made in the elucidation of the chemical structure of these compounds, of their physiological roles, and of the ways in which their synthesis is controlled. It is on the last of these that this Review will concentrate, for it is now established that in most tissues the synthesis of eicosanoids is limited by the availability of their common precursor, free arachidonic acid, which must be liberated from esterified stores in complex lipids (van Dorp et al., 1964; Bergstrom et al., 1964; Vogt et al., 1966; Lands & Samuelsson, 1968; Vonkeman & van Dorp, 1968) . Control of the subsequent metabolism of the free acid will not be discussed here, nor will the original derivation of arachidonate from dietary sources (reviewed by Willis, 1981) . The purposes of this Review are twofold: firstly, it is useful to summarize briefly the present state of knowledge in order to help newcomers in the field; secondly, and more importantly, in order to move forward both conceptually and experimentally it is necessary to take a critical look at the complexities and problems associated with studying arachidonate liberation.
Liberation of arachidonate, as defined here, must involve hydrolysis of an ester bond i.e. lipase activity. The three essential questions concerning the control of arachidonate availability are therefore:
(1) Which lipases are involved? (2) How are they controlled? (3) Which substrates are hydrolysed?
Definitions: Arachidonic acid is 5,8,11,14-icosatetraenoic acid. Eicosanoid is the term introduced by Corey et al. (1980) to cover all products of arachidonate metabolism, whether by the cyclo-oxygenase pathway (prostaglandins, endoperoxides, thromboxanes, etc.) or the lipoxygenase pathway (hydroxyicosatetraenoic acids, leukotrienes, etc.). The term 'liberation' of arachidonate will be employed to mean solely the hydrolytic cleavage of the free acid from its esterified form. Increases in the level of the free acid in the extracellular space will be called 'release', though the choice of this word implies no assumption as to whether the passage of arachidonate across the plasma membrane occurs by active transport or passive diffusion.
Neutral lipids
Generally, triacylglycerol (the principal neutral storage lipid) is less rich in arachidonoyl moieties than are phospholipids. Only in tissues where the mass of neutral lipids matches or exceeds that of phospholipids, such as adrenal cortex or adipose tissue, might they be expected to make a significant contribution to the free arachidonate pool (Christ & Nugteren, 1970; Vahouny et al., 1980) . In other tissues, the contribution of neutral lipids can be difficult to assess accurately. For example, in rabbit polymorphonuclear leucocytes, Kaplan-Harris & Elsbach (1980) could not quantify the extent to which neutral lipids were contributing to arachidonate release because even a small (unquantifiable) phospholipid breakdowni would have exceeded the arachidonate loss from neutral lipids.
However, even in tissues where storage lipids are comparatively scarce, such as brain, there may be a high turnover of their arachidonoyl moieties, at least as judged by isotopic methods (McDonald et al., 1975) , so neutral lipid lipases may yet play an important role, undefined as yet, in arachidonate liberation. The enzymic regulation of triacylglycerol metabolism has been adequately documented elsewhere; the control of a hormone-sensitive lipase by cyclic AMP (Hales et al., 1978) may be supplemented by calcium regulatory mechanisms (Wise & Jungas, 1978) perhaps through the action of a-adrenergic receptors (Jones & Michell, 1978) . In tissues which lack this hormone-sensitive lipase, however, it is not yet clear whether the lysosomal triacylglycerol lipase is (Debeer et al., 1979; Groener & Knauer, 1981) or is not (Hulsmann et al., 1981) , depending perhaps on the tissue, the only intracellular enzyme hydrolysing these lipids.
Phospholipids
The bulk of the arachidonate in mammalian cells is esterified in the fatty acyl chains of glycerophospholipids, almost exclusively in the 2-acyl position (Fig. 1 ). This has led to suggestions that phospholipases are responsible for controlling free arachidonate levels (Vogt et al., 1966; Lands & Samuelsson, 1968; Vonkeman & van Dorp, 1968 ; Van den Bosch, 1980) Arachidonate is unusual amongst the major fatty acids in that the level of the free acid in the cytoplasm (Bills et al., 1977) and plasma (Hagenfeldt, 1975 ) is low, disproportionately so compared with its esterified levels. Following the pioneering work of Lands and his colleagues (Lands, 1979) it has become clear that arachidonate is not incorporated during synthesis de novo of glycerophospholipids (i.e. by acylation of glycerol-3-phosphate or lysophosphatidic acid to yield phosphatidic acid), but it enters at a later stage, by acylation of a glycerolysophospholipid such as lysophosphatidylcholine ( Fig. 1 ; see Van den Bosch et al., 1972 , for a review). This reaction is catalysed by distinct acyl transferase(s) with different specificities from those which synthesize phosphatidic acid (Hill & Lands, 1968; Yamashita et al., 1973 Yamashita et al., , 1975 . For long chain fatty acids there is probably only one acyl-CoA synthetase and this enzyme has no pronounced specificity for any fatty acid (Normann et al., 1981;  see Lands, 1979 for a review). The low level of arachidonic acid in the cytosol is therefore likely to be a reflection of the activity of the enzyme(s) that transfer the arachidonate from arachidonoyl-CoA to phospholipids.
The degree to which acyl-CoA 1-acylglycero-3-phosphoglyceride O-acyl transferase (EC 2.3.1.23) favours arachidonoyl-CoA varies markedly depending on the tissue employed, and the conditions under which the enzyme is assayed (compare Hill & Lands, 1968; Baker & Thompson, 1973; Ferber & Resch, 1973; Yamashita et al., 1973 Yamashita et al., , 1975 Colard et al., 1980) . For example, using a saturating concentration of lysophosphatidylcholine, Ferber & Resch (1973) found the apparent Km (the term 'apparent' Km is used because exact concentrations of lipoidal substrates are of questionable significance above the critical micellar concentration) of the lymphocyte enzyme to be 0.5 M for arachidonoylCoA and 9,UM for oleoyl-CoA. Hasegawa-Sakai & Ohno (1980) confirmed this specificity, but found that the preference for arachidonate was less pronounced when endogenous lysophospholipids were used as substrates.
Despite these quantitative discrepancies in vitro, it seems likely that the low level of free arachidonate in the cytosol and plasma can be accounted for by a high affinity for arachidonoyl-CoA of the lysophosphoglyceride acyltransferase(s) in vivo. This preference might be partly the result of the existence of separate acyl transferase(s) for arachidonate, though that is not clearly established (Jezyk & Lands, 1968; Hasegawa-Sakai & Ohno, 1980) . The specificity for arachidonoyl-CoA is more pronounced if lysophosphatidylinositol is an acceptor (Baker & Thompson, 1973; Holub, 1976) , and has been used to explain the very high arachidonate content of phosphoinositides (see White, 1973) ; this may also be due to a separate enzyme. The high arachidonate level in phosphatidylethanolamine and its plasmalogen equivalent (Marcus et al., 1969; White, 1973) suggests that acyl transfer to ethanolamine lysophospholipids might also favour arachidonoyl-CoA.
The data of Lands & Merkel (1963) serve to summarize the likely mechanism by which free arachidonate levels are kept low in the cell. These authors described a balance for a given acyl-CoA between two reactions, the release of the free fatty acid by acyl-CoA hydrolase, and its esterification into phospholipids by acyl-CoA transferase. This balance depended on which acyl-CoA was used, and increasingly favoured esterification with more unsaturated fatty acids. Though arachidonoyl-CoA was not studied, it probably represents an extreme case of this phenomenon, whereby acyltransferase is very much favoured over acylhydrolase and also predominates over phospholipase activity. This in turn prompts the question of whether changes in the rate of this acylation reaction (rather (1977) argued that the stimulation by bradykinin of arachidonate release in their experiments must be due to stimulated hydrolysis (rather than to a decrease in esterification), because they could not detect the stimulated release in the absence of albumin. However, an albumin 'trap' is only a tool for quantifying extracellular arachidonate release, and it cannot provide information about the mechanism of the intracellular liberation. It is possible that bradykinin inhibited re-esterification sufficiently for arachidonate to be available to cyclo-oxygenase, or to escape from the cell to be trapped by albumin, but not sufficiently for it to escape from the vascular bed of the kidney if no albumin is present.
Kr6ner et al. (1981) could observe arachidonate liberation in bone marrow macrophages (with or without albumin present) only if acylation was inhibited by various agents. This led them to suggest that in those cells acylation is the factor that controls free arachidonate levels. These cells are unusual in that no arachidonate liberation was detectable unless their metabolism was altered by inhibitory compounds; furthermore no stimulation of liberation by a physiological effector was studied. Nevertheless, the thesis that a decrease in the reacylation rate of arachidonate could cause a rapid rise in the free levels of this fatty acid bears serious consideration, at least in some tissues. Morita & Murota (1980) observed that ATP levels could markedly influence the fate of arachidonate in liver homogenates, suggesting that cellular ATP levels could influence the liberation/reacylation balance. In mitochondria incubated in vitro this is clearly so (Parce et al., 1978) (Rittenhouse-Simmons et al., 1976) and in mitogenstimulated lymphocytes (Ferber & Resch, 1973) . In many, and probably most, tissues, stimulation of arachidonate liberation is most likely to be controlled by changes in phospholipase activity (Vogt et al., 1966; Lands & Samuelsson, 1968; Vonkeman & van Dorp, 1968) . Phospholipases
With the exception of phosphatidylinositol (discussed subsequently) the major route of phospholipid degradation in mammals is by deacylation catalysed by the action of phospholipase A1 or A2 activities (Fig. 1) The original evidence for this idea came from the pioneering work of Bills et al. (1977) , studying fatty acid liberation by platelets aggregating in response to thrombin, and of Hsueh et al. (1977) measuring fatty acid release from the perfused heart or kidney stimulated by bradykinin; both these groups discovered that if the liberation or release of radioactive arachidonate was compared with that of other 2-acyl fatty acids, a pronounced specificity for arachidonate was observed. These observations have been confirmed by others in other tissues, for example 3T3 cells, (Lindgren et al., 1978; Hong & Deykin, 1979; Shier, 1980) , lymphocytes (Parker et al., 1979) and mouse peritoneal macrophages (Bonney et al., 1978; Scott et al., 1980) . There are, however, several problems in interpreting these data in terms of specific liberation of arachidonate. For example, a puzzling aspect of the experiments on platelets (Bills et al., 1977) is that the liberation of free arachidonic acid showed a 15-fold specificity over 8,11,14-icosatrienoic acid, whereas in other tissues the trienoic acid, along with arachidonate, showed specificity of release over other fatty acids (Lindgren et al., 1978; Hong & Deykin, 1979) . One reason for this apparent anomaly may be that, whereas the last two named groups were measuring release of radiolabel from the cell (i.e. into the incubation medium), Bills et al. (1977) were measuring loss of label from phospholipids (liberation as defined in this Review). The low concentration of cytosolic free arachidonate (see above) could mean that liberation of a small mass of arachidonate (or icosatrienoic acid, generally a minor fatty acid and therefore also low in tissues) may be easily detectable above the low background, whereas with other fatty acids liberation of a similar mass may not represent a significant proportion of the total. Additionally, we do not yet know the pattern and mechanism of incorporation of radiolabelled icosatrienoic acid (as compared with arachidonate) into phospholipids, so the relative specificity of the liberation of radiolabel in experiments using these two fatty acids is not easy to assess. This difficulty applies also to linoleate and oleate, the other two acids employed by Bills et al. (1977) : the fact that radioactive arachidonate may be incorporated by a different acyltransferase (see above), quite possibly in a different part of the cell (see below), makes the greater percentage loss of arachidonate label from phospholipids difficult to interpret.
Further evidence for specificity of arachidonate release in the perfused kidney came from the data of Hsueh et al. (1977) who observed an apparent dichotomy between 'specific' release of arachidonate stimulated by bradykinin, and 'non-specific' release of all fatty acids caused by ischaemia, a dichotomy that has been observed in other tissues (Hong & Deykin, 1979; Kroner et al., 1981) . This 'non-specific' release could, however, be explained either by a greater contribution of fatty acids from triacylglycerol to the 'non-specific' release (confirmed in bone marrow macrophages by Kroner et (Broekman et al., 1980) , as it is when isolated platelet membranes are incubated in vitro (Jesse & Cohen, 1976 Schwartzman & Raz (1979) measured non-radioactive fatty acid release from the perfused ureterblocked kidney, and observed a relatively small release of arachidonate compared with the other common fatty acids. This suggests, incidentally, that there is probably no preferential transfer of arachidonate out of the cell, though this possibility has not been investigated fully. As with the isotopic experiments of Hsueh et al. (1977) , bradykinin caused a large percentage increase in the release of only arachidonate. However, because of the much higher overall levels of the other fatty acids, a similar mass increase in these would probably have been undetectable above experimental error.
In conclusion, data from experiments measuring the mass liberation (or release) of fatty acids, like those using radiolabelled acids, have yet to produce unequivocal evidence in favour of a specific liberation of arachidonate. However, as the verdict is still open, some consideration must be given to possible mechanisms of phospholipase specificity.
Specificity of phospholipases
As yet no phospholipase A has exhibited any pronounced specificity for arachidonoyl groups in vitro, though Ohkazaki et al. (1978) did find some preferential arachidonoylphosphatidylethanolamine hydrolysis in foetal membranes. The possible means by which a phospholipase not specific in vitro could be so in vivo have been discussed by Van den Bosch (1980) [see also Dawson (1973) for a general discussion on the pitfalls of assessing phospholipase specificity]; only one point needs expansion here. Perret et al. (1979) digested the outer half of the bilayer of the plasma membrane of intact platelets with a snake venom phospholipase A2, and found that much less than the expected arachidonate (expressed as a percentage of the total in the cell) was liberated. From these data they concluded that 90% of the plasma membrane's arachidonoyl residues were on the inner layer and suggested this localization as a reason for the specificity of arachidonate liberation. However, they did not produce control data (% of the cell's total esterified level liberated) for any other fatty acid. If arachidonate liberated is expressed as a percentage 1982 of the total free fatty acids liberated (Perret et al., 1979 , Table 1) , it is present in only slightly less than the expected amount assuming no asymmetric distribution. The same is true for oleate, the other major 2-acyl fatty acid. Probably the only unusual thing about the outer half of the membrane is its high proportion of disaturated phospholipids, which Perret et al. (1979) noted. There is no clear evidence for a gross distortion of the ratio of arachidonate to other unsaturated fatty acids in the inner bilayer. Arachidonate esterified in phosphatidylethanolamine is symmetrically distributed across this membrane (Schick et al., 1981) and this phospholipid is likely to be the major early source of fatty acids when platelets are aggregated by thrombin (Blackwell et al., 1977; Broekman et al., 1980 Broekman et al., , 1981 (Fig. 1) , an active and soluble enzyme, at least in liver (Moonen et al., 1977) , could effectively liberate arachidonate. In some tissues, however, arachidonate liberation parallels lysophospholipid accumulation, for example, the platelet (Broekman et al., 1980; McKean et al., 1981) or fibroblasts (Hong & Deykin, 1981) , and here the involvement of a phospholipase A2 is more likely.
The subcellular site of the cyclo-oxygenase or the lipoxygenase that metabolize the free arachidonate is also unclear. The latter enzyme is probably soluble (Narumiya et al., 1981) . Although cyclo-oxygenase has been assumed to be in the endoplasmic reticulum, the membrane fractions involved were not always well characterized (Kataoka et al., 1967; Bohman & Larsson, 1975) ; for example, depending on the tissue, the absence of plasma membrane 'sheets' does not prove an absence of this membrane in a microsomal preparation (Wisher & Evans, 1975) . Erman & Raz (1981) recently presented Vol. 204 more convincing evidence that in the kidney both plasma membrane and mitochondrial fractions contain cyclo-oxygenase which cannot be accounted for by contamination with endoplasmic reticulum. In platelets cyclo-oxygenase seems to be predominantly associated with the dense tubular system (Gerrard et al., 1976) , which makes the recent description of a phospholipase A2 (Lagarde et al., 1981) possibly in the same location, of interest (see also Erman & Raz, 1981) .
The subcellular location of the acyltransferase(s) (reviewed by Van den Bosch et al., 1972 ) is also not certain, but is of some significance when examining data from experiments involving radiolabelled arachidonate (see above). Kaulen et al. (1970) maintained that, in liver, arachidonoyl-CoA transferase is absent from the plasma membrane, though the rat liver plasma membrane is so heterogenous (Wisher & Evans, 1975 ) that this warrants further investigation. Oleoyl-CoA transferase, which may be a different enzyme (see above) is also in the endoplasmic reticulum in liver and brain (Eibl et al., 1969; Fisher & Rowe, 1980) but its presence in the plasma membrane may depend on the tissue. For example, it is in that membrane in lymphocytes (Ferber & Resch, 1973) and possibly in liver (Stein et al., 1968; Yousef et al., 1977) but problems of heterogeneity in subcellular enzyme markers (evident from the data of Stein et Wisher & Evans, 1975; Fisher & Rowe, 1980 ) make proof of its absence or presence in plasma membranes difficult. Similar problems will no doubt occur with acyl-CoA ligase; this enzyme is found in the endoplasmic reticulum and mitochondria (Lands, 1979; Normann et al., 1981) , but its distribution elsewhere in the cell has not been fully explored.
The subcellular location of arachidonate liberation and of its subsequent metabolism are important when considering that the two processes are often coupled. Several workers, using fibroblasts, kidneys and macrophages (Hong & Levine, 1976b; Schwartzman & Raz, 1979; Schremmer et al., 1979; Hsueh et al., 1981) , have shown that if eicosanoid release is stimulated over basal levels, or it is increased by two different agonists, the coupling efficiency (arachidonate/eicosanoid ratio) and/or the proportion of different eicosanoids formed is altered.
In the examples employing a homogeneous population of cultured cells, the existence of different subcellular locations for stimulated arachidonate liberation is a likely explanation for these data. This in turn suggests the interesting possibility of several phospholipases liberating arachidonate, which are independently controlled (Hong & Levine, 1976b; Hsueh et al., 1981) .
In the kidney, the presence of several cell types within the organ complicates the data. Differences in eicosanoid ratios synthesized between cortex and medulla (Whorton et al., 1978; Needleman et al., 1979; (Isakson et al., 1977) , and Jose & Seale (1979) showed similar pool compartmentalization phenomena in the perfused lung. Finally, unlabelled arachidonate perfused into the kidney prelabelled with radioactive arachidonate is not converted directly to prostaglandins, but enters an esterified pool first and displaces from there radiolabelled arachidonate which serves as a substrate for cyclo-oxygenase . A tight coupling between arachidonate liberation and cyclo-oxygenase is further suggested by the data of .
However, the phenomenon of displacement of radiolabelled by unlabelled arachidonate is also suggested by the experiments on lymphocytes conducted by Parker et al. (1979) , and indeed, most of the evidence for heterogeneity of arachidonate pools described in the previous paragraph can be found in cell cultures (Hong & Levine, 1976b; Schremmer et al., 1979; Parker et al., 1979) . Here intracellular heterogeneity is the more likely explanation. These various arachidonate pools can be stable over several hours and they make interpretation of many experiments employing radiolabelled arachidonate difficult (as discussed above and below). However, they may also provide us with a tool for dissecting intracellular heterogeneity, and for exploring the possibly independent control mechanisms of the different phospholipases involved.
Control of phospholipase activity
This topic needs only a little addition to the extensive review by Van den Bosch (1980) . There the regulation of phospholipases by conversion of zymogen forms, by non-enzymic proteins, by calcium, by cyclic AMP, by hormones, and by membrane structure are fully discussed. Three particular control mechanisms which have been implicated in arachidonate liberation will be briefly expanded here.
The phospholipases about whose regulation we know least are those in the lysosome. Although the enzymes are well characterized (Waite et al., 1976) and a role for lysosomes in eicosanoid release in some tissues is quite likely (Anderson et al., 1971; Akesson & Gustavii, 1975; Dawson & Irvine, 1978; Hsueh et al., 1981) , the mechanisms by which lysosomal activity is controlled are unknown at present.
Another difficult area is the role of calcium in controlling the activity of the phospholipases outside the lysosome. Most of these enzymes are calciumdependent, but that does not necessarily mean they are calcium-controlled. The bulk of the evidence for the latter comes from the application of the calcium ionophore A23187 as a cell stimulant ( Van den Bosch, 1980) . This compound was first discovered as a toxin (Reed & Lardy, 1972) and it may be that it is continuing to act as one when it is used experimentally. It can liberate intracellular calcium stores (Pickett et al., 1977) as well as stimulating the influx of extracellular calcium, but many workers have had problems in interpreting the results obtained because of secondary effects of the ionophore on cellular metabolism (as documented, for example, by Tamarit-Rodriguez et al., 1978) . Furthermore, an increase in cell calcium is likely to have some effects on phospholipid hydrolysis whether the increase results from application of an ionophore, from a breakdown of the plasma membrane's barrier properties induced by cell damage (for example, Chien et al., 1978) , or from increasing calcium concentrations outside the cell (Erman & Raz, 1979) , but the relationship of these changes to those induced by physiological agonists is debatable. In the human platelet the radical difference between thrombin-and A23187-induced lipid changes have been well documented by Rittenhouse-Simmons (1981) and it seems likely that similar differences may become apparent when other systems are studied in more detail. In summary, although it is frequently assumed that a major (or the major) controlling factor in arachidonate liberation is the concentration of intracellular calcium, as yet there is no clear evidence that this is so in vivo (see also Van den Bosch, 1980) . Finally, phospholipid methylation has been proposed as another regulator of phospholipase A2 activity, by Axelrod and co-workers (see , for a review). Arachidonic acid is liberated from a pool of phosphatidylcholine that labels to a higher specific activity with [3Hlmethio-nine than with [3Hlcholine in leucocytes and platelets (Hirata et al., 1979; Kannagi et al., 1980 (Broekman et al., 1980 (Broekman et al., , 1981 .
We do not yet know the role of lipid methylation in cell activation. This is not a topic to be discussed here; the considerable evidence for this hypothesis has been summarized by , and some recent criticisms can be found in Vance & De Kruiff (1980) and Randon et al. (1981) (Blackwell et al., 1977) , dibutyryl cyclic AMP (Minkes et al., 1977) , bromophenacyl bromide (Vargaftig, 1977) , serine proteinase inhibitors (Feinstein et al., 1977) and propanol and chlorpromazine (Vanderhoek & Feinstein, 1979) (Blackwell et al., 1977; Minkes et al., 1977; Mitchell et al., 1977; Vargaftig, 1977; Vanderhoek & Feinstein, 1979; Kosaki et al., 1980) . In short, all these compounds are doing more than just inhibiting arachidonate liberation.
Indomethacin, which was originally discovered as a cyclo-oxygenase inhibitor, can inhibit phospholipase A2 in the test tube depending on the calcium concentration (Franson et al., 1980) . It can also inhibit the liberation of arachidonate in some tissues, but this may be caused partly by the re-esterification of free arachidonate (which indomethacin has prevented from being converted to other eicosanoid products) rather than by an inhibition of liberation (Hong & Levine, 1976b) . The inhibition by this drug of diacylglycerol lipase has been correlated with the accumulation of diacylglycerol in the platelet (Rittenhouse-Simmons, 1980) , but as in the same cell it also inhibits the release of arachidonate from phosphatidylcholine (Rittenhouse- Simmons, 1981) and its transfer to plasmalogen phosphatidylethanolamine (Rittenhouse-Simmons & Deykin, 1981) , it is clearly pluripotent in its action (see also Northover, 1977; Kantor & Hampton, 1978) . In summary, it could be that in these examples the platelet is providing us with a cautionary tale: that it is difficult to draw conclusions from inhibitors which are non-specific and acting on more than one site, about the role of an enzyme that they can inhibit in the test tube. Whether or not the range of phospholipase inhibitors recently described by Wallach & Brown (1981) also have other sites of action has yet to be established. If they do not (as the available data suggest), then they could prove to be valuable tools in investigating the phospholipases responsible for arachidonate liberation.
Effect of corticosteroids on arachidonate release
The pioneering work of Gryglewski et al. (1975) and Hong & Levine (1976a) first demonstrated that in responsive tissues the main effect of glucocorticoids on eicosanoid metabolism was to lower the availability of free arachidonate; this observation has been confirmed in many laboratories and is now generally accepted (Blackwell et al., 1980) .
[For a review of other effects of corticosteroids on eicosanoid metabolism, see Skidmore (1982) ]. Danon & Assouline (1978) first demonstrated that this effect required RNA and protein synthesis and thus that the steroid was probably acting through its cytosolic receptor; again this has been confirmed by many others.
The elegant demonstration of a corticosteroidinduced protein in lung and macrophages that can inhibit phospholipase activity and arachidonate release (Flower & Blackwell, 1979; Carnuccio et al., 1980) has been confirmed in neutrophils (Hirata et al., 1980b) . Macrophages react very rapidly to corticosteroids, and they may be unusual in that this protein (macrocortin) is not induced by corticosteroids (except as a later, secondary event) but rather that the steroids induce a protein-synthesisdependent release of the stored protein (Blackwell et al., 1980; Carnuccio et al., 1981) . Once the macrocortin is released, the macrophages are no longer responsive to dexamethasone until more protein is made; they are, however, responsive to added macrocortin (Carnuccio et al., 1981) . In other words, the macrophage cannot respond to its own macrocortin (which must therefore be sequestered in a cell compartment remote from its site of action), but is responsive to exogenous macrocortin. This suggests that, in the macrophage at least, the site of action is either at the plasma membrane or inside the lysosomal system. The site of the phospholipase activity assayed by Blackwell et al. (1978 Blackwell et al. ( , 1980 is not clear. In their experiments [l4CIoleoyl-labelled phosphatidylcholine is perfused into the system (the lung) and the release of oleic acid is monitored; it is not known whether (or how) the phospholipid enters the cells, and so the site of hydrolysis is unknown.
Lipomodulin, the equivalent protein to macrocortin in neutrophils, (Hirata et al., 1980b) has an Mr of 40000 as against macrocortin's approx. 15 000, though recent work from Flower's laboratory (R. J. Flower, personal communication) suggests that the true molecular weight of macrocortin is about 40000 but that smaller fragments of it retain some biological activity. Thus lipomodulin and macrocortin could well be the same protein.
Hirata and co-workers (Hirata et al., 1981; Hirata, 1981) have correlated the appearance of an antibody to lipomodulin with the incidence of rheumatic diseases, and postulated a phosphorylation-dephosphorylation cycle to control its activity.
Dexamethasone can also affect arachidonate availability in the long term by its effect on the enzymes making arachidonate from linoleate (Dumm et al., 1979; Holloway & Margoulis, 1980) . Possible effects on phospholipid methyltransferases and acyltransferases are also suggested by dexamethosone's effect on sphingomyelin and lysophosphatidylcholine levels in HeLa cells (Johnston et al., 1980) , and an increase in arachidonate esterification induced by this steroid has been suggested by Araki etal. (1981) .
Finally, if a tissue exhibits a dichotomy of 'specific' versus 'non-specific' arachidonate liberation (above) then it is generally the specific liberation that is blocked by corticosteroids (for example, MacMillan et al., 1980) . [There are some exceptions, such as the inhibition by dexamethasone of the release of fatty acids induced in BALB/3T3 cells by removing them from their substratum (Hong & Levine, 1976b) ]. Triacylglycerol catabolism is probably not inhibited by dexamethasone; in fact, in adipose tissue corticosteroids have a potentiating or permissive effect on lipolysis (Goodman, 1970) . It is therefore possible that, as mentioned above, in some tissues 'non-specific' fatty acid liberation involves a greater contribution from neutral lipids.
Relative contribution of the various phosphatidate esters to arachidonate release A number of attempts have been made to examine this by preincubating a tissue with radioactive arachidonate, stimulating the liberation and seeing which phospholipid loses most label, e.g. in platelets (Bills et al., 1977; Blackwell et al., 1977; Rittenhouse-Simmons, 1979) , macrophages (Hsueh et al., 1979; Kroner et al., 1981) , lymphocytes (Parker et al., 1979) , BALB/3T3 cells (Hong & Deykin, 1979) , DSDM1C1 cells (Schremmer et al., 1979) , post-mortem brain (Marion & Wolfe, 1979) and exocrine pancreas (Marshall et al., 1981) . The conclusions from such experiments are subject to several reservations which must be borne in mind when comparing the various tissues and agonists.
Firstly, and most importantly, the existence of several distinct pools of arachidonate (discussed above) leads to difficulties in quantifying arachidonate liberation from measurements of radioactivity alone. In many tissues phosphatidylethanolamine and its plasmalogen derivative are rich in esterified arachidonate, yet in the platelet (RittenhouseSimmons & Deykin, 1981) , synaptosomes (Yau & Sun, 1974) and macrophages (Scott et al., 1980) both incorporate radiolabelled arachidonate very slowly. Consequently, comparing absolute mass measurements and radioactive data, Blackwell et al. (1977) found remarkable discrepancies between the two methods in determining the source of arachidonate liberated in rabbit platelets. Similar discrepancies can be found between the two techniques in human platelets (compare Bills et al., 1977 and Broekman et al., 1980 . A second problem is that reacylation of deacylated phospholipids may obscure the contribution of a given phospholipid: accumulation of lysophospholipids (Broekman et al., 1980 (Broekman et al., , 1981 McKean et al., 1981) Marshall et al., 1981) .
Completing a balance sheet of arachidonate is essential when assessing the loss from phosphatidylinositol, as esterified arachidonate can remain in products of the catabolism of this phospholipid (see below and Fig. 2) so that what appears to be a large loss of arachidonate from phosphatidylinositol is actually balanced by an equal rise in arachidonoyl-phosphatidic acid and diacylglycerol (Fig. 2) .
In platelets, such analyses have shown that, despite the large breakdown of phosphatidylinositol in response to thrombin, it makes little net contribution to the arachidonate liberated (Rittenhouse-Simmons, 1979; Broekman et al., 1980 Broekman et al., , 1981 . [This applies at high thrombin doses. At low doses the relative contribution of phosphatidylinositol may be greater (Guichardant & Lagarde, 1980; RittenhouseSimmons & Deykin, 1981) . However, the various platelet responses induced by thrombin or plateletactivating factor show different agonist doseresponse curves (Minkes et al., 1977; Shaw et al., 1981) and phosphatidylinositol turnover may serve alternative (or additional) functions to arachidonate liberation (see Irvine et al., 1982 (White, 1973) ] proceeds in all organisms other than fungi (see Irvine et al., 1982) by a route different from other phospholipids. Phosphatidylinositol is hydrolysed by a specific phosphodiesterase (phospholipase C) to diacylglycerol and inositol phosphate or cyclic phosphate ( Fig. 2 ; Dawson, 1959; Kemp et al., 1961; Dawson et al., 1971) . The diacylglycerol is then either deacylated to complete the degradation (Cabot & Gatt, 1976 Mauco et al., 1978) or recycled to phosphatidate and thence to phosphatidylinositol (Hokin, 1968; see Fig. 2 ); this recycling is called the phosphatidylinositol turnover cycle and the mechanisms of its control and its function have been the subject of considerable study (see Hokin, 1968; Michell, 1975; Irvine et al., 1982, for reviews) . It is therefore of considerable interest that several reports have recently appeared of stimulated deacylation of phosphatidylinositol in tissues during the liberation of arachidonate (Schrey & Rubin, 1979; Rubin et al., 1981a,b; Walsh et al., 1981; Hong & Deykin, 1981) . In all these cases the considerable evidence for direct deacylation (Fig. 1) (Baker & Thompson, 1973; Holub, 1976) . However, the removal of the 2-acyl fatty acid might occur by reversal of acyl transfer (see the next section) or by an acyl exchange of the sort demonstrated in plant tissues (Styme & Glad, 1981 (Walsh et al., 1981) , it may be caused by a contaminating phospholipase activity in the zymosan (Kroner et al., 1981) . Fifthly, several of these studies employ A23187, and reservations about this ionophore have been discussed above; in the platelet it does stimulate deacylation of phosphatidylinositol, but during physiological stimulation (by thrombin) hydrolysis occurs by the classical (Fig. 2) pathway (Rittenhouse-Simmons, 1981) . Finally, a specific liberation of arachidonate over stearate or palmitate (which are mostly incorporated into the 1-position of phospholipids) has been used as evidence for phospholipase A2 activity, but this is subject to all the reservations discussed above concerning the demonstration of specificity using radiolabelled fatty acids.
Unequivocal evidence for deacylation of phosphatidylinositol has been found in transformed 3T3 cells, where the accumulation of lysophosphatidylinositol has been well documented (Hong & Deykin, 1981) . It is interesting that glycerophosphoinositol (the final product of phosphatidylinositol deacyl- The phosphatidylinositol is represented diagrammatically, thus () is a phosphate group, and ( is inositol. For a more detailed structure of this molecule and the metabolites thereof, see Irvine et al. (1982) Notes: (1) The order in which the acyl chains of diacylglycerol are removed is discussed by Chau & Tai (1981) , but see also Cabot & Gatt (1976) . (2) The phosphatidic acid in this cycle, being derived from phosphatidylinositol, is rich in stearate (R1) and arachidonate (R2). It is therefore a different (and probably distinct) pool from the phosphatidate which is an intermediate in glycerolipid synthesis de novo. This latter pool is formed by acylation of glycerol-3-phosphate, and, as discussed in the text, the acyltransferases responsible do not favour arachidonate (Yamashita et al., 1975). ation) is found in abnormally high levels in another transformed cell culture (Koch & Diringer, 1974) suggesting perhaps an unusual metabolism of phosphatidylinositol in such cells. In summary, phosphatidylinositol can be deacylated in some tissues; what is difficult to assess is the relative importance of this route for liberating arachidonate in comparison with the usually predominant phosphodiesterase-diacylglycerol lipase pathway. Finally, the other mammalian inositides, di-and tri-phosphatidylinositol are also arachidonoyl-rich (Baker & Thompson, 1972 ) and catabolized by phosphodiesterase or phosphomonoesterase action (Dawson & Thompson, 1964) , but their role (if any) in arachidonate release, and the extent to which they may be deacylated, are unknown. Other routes of arachidonate telease Liberation of arachidonate from the probable main sources (phosphatidylethanolamine and phosphatidylcholine) may not take place by direct hydrolysis, but by sulpholysis, a CoA-mediated transfer of arachidonate followed by hydrolysis of another lipid. This is really no more than reversal of the acyltransferase reaction (Fig. 1 ), which in vitro shows some specificity for arachidonate Trotter & Ferber, 1981) . This specificity is enough to account for the transfer of arachidonate between phospholipids observed in erythrocytes (Bereziat et al., 1978) and it is the probable mechanism of arachidonate transfer to plasmalogen phosphatidylethanolamine in the aggregating platelet (Rittenhouse-Simmons et al., 1976; Rittenhouse-Simmons & Deykin, 1981 It is unlikely that much of the arachidonoyl-CoA so formed is hydrolysed directly to liberate arachidonate (Kroner et al., 1981) because this equilibrium seems to favour reacylation rather than liberation (as discussed above), so transfer to another lipid followed by hydrolysis is probably necessary if arachidonate is to be mobilized in this way. Transfer to phosphatidylinositol seems unlikely, in the platelet at least, as there is no evidence for resynthesis in which an arachidonoyl-poor phosphatidylinositol accepts arachidonate (Broekman et al., 1981 , but see also Prescott & Majerus, 1981) . Trotter & Ferber (1981) could not detect arachidonoyl transfer to phosphatidylinositol in mouse thymocytes; they could only find transfer from phosphatidylcholine to phosphatidylethanolamine (and not vice versa). These authors used endogenous arachidonoyllabelled phospholipids, which are more likely to reflect the reaction in vivo than the experiments of who employed exogenous 1982 substrates. The data on arachidonate metabolism in the platelet are consistent with transfer from phosphatidylcholine to phosphatidylethanolamine (Broekman et al., 1980; Rittenhouse-Simmons & Deykin, 1981) , but, if this transfer does occur, its function (other than to replenish phosphatidylethanolamine with arachidonate) remains obscure.
Finally, Cuatrecasas and co-workers (Lapetina et al., 1980 Billah et al., 1981) have suggested a role for phosphatidic acid (derived initially from phosphatidylinositol, Fig. 2 ) as a receiver of transferred arachidonate, the arachidonate being released by a phosphatidate-specific phospholipase A2. These workers have presented some strong evidence for their hypothesis, though there are a few aspects that offer alternative interpretations. The rapid pulse of [14Clarachidonate through phosphatidate (Lapetina et al., 1980) is not consistent with the specificities of the known acyltransferases (see above) and it may alternatively reflect some reversal of the phosphatidylinositol synthesis pathway (HokinNeaverson et al., 1977 ) from a pool of arachidonoyl-phosphatidylinositol that is turning over very quickly ; Holub & Kuksis (1971) presented data consistent with the idea that arachidonate enters phosphatidylinositol in a pool where the phosphoinositol moiety is turning over rapidly.
Interpretation of the data derived from experiments employing mepacrine (Dawson et al., 1980) , and deoxycholate destroys this surface], and the apparent specificity of the phospholipase A2 which hydrolyses phosphatidate is also open to discussion. Assessment of phospholipase specificity is fraught with many difficulties (Dawson, 1973) , and in this particular case the problems are compounded by the fact that the enzyme in question is membrane-bound, and so hydrolyses phospholipids in a membrane. Unless details are known of the intramembranous concentrations which result from the external addition of different phospholipid substrates, it is difficult to be sure whether such an enzyme really favours one phospholipid over another. The high calcium-binding efficiency of phosphatidate could account for the low calcium requirement of the phospholipase A2 with this particular substrate, and the apparently high rate of hydrolysis of phosphatidate in horse platelets compared with the human platelet phospholipase A2 may be simply a species difference; rat platelets (Etienne et al., 1979 ) have a (non-specific) phospholipase A2 Vol. 204 of similar activity to that found by Billah et al. (1981) in horse platelets.
Despite these difficulties in interpretation, the hypothesis that phosphatidate serves as a pivot in arachidonate release has considerable experimental evidence in its favour. If it can be extended to other tissues, then the effect of corticosteroids on the different stages of this pathway will be an interesting area for exploration.
Conclusions and speculations
The study of phospholipases proceeds apace; although many gaps in our knowledge remain, we are now beginning to build up a picture of what enzymes there are and how they might be controlled (Van den Bosch, 1980) . Phospholipases have more functions than just liberating arachidonate, however, and which particular enzymes and control mechanisms are most intimately linked with arachidonate liberation is not well understood. The existence of considerable inter-and intracellular heterogeneity in the pools into which radiolabelled arachidonate can be incorporated may be a twoedged weapon; it provides us with a possible means of answering these questions (which enzymes and which control mechanisms), but it also makes interpretation of the results of many other experiments extremely difficult, as the above discussions have indicated.
With regard to control mechanisms, the most intriguing possibilities lie in the effect of membrane structure on the activity of phospholipases (Vogt, 1978; Van den Bosch, 1980) . Recently, some understanding has emerged of the effect of membrane structure on the phosphatidylinositol-specific phosphodiesterase (phospholipase C: Dawson et al., 1980; Hirasawa et al., 1981) which is an enzyme depending on, but probably not controlled by, calcium; the major control of its activity is likely to be the physical form and composition of the lipids in the membrane that it hydrolyses. The possibility that intracellular phospholipases A may be controlled on similar principles is one that bears serious consideration.
Another interesting topic from the pharmacological point of view is the way in which acyltransferases could be manipulated therapeutically. Esterification of arachidonate plays an important role in maintaining intracellular levels, and acyl transfer may also be involved in the mobilization of arachidonate reserves, as discussed in the preceding section. Compounds which can modify these enzymes [which include pharmacologically active agents such as A9-tetrahydrocannabinol (Greenberg & Mellors, 1978) ] may have potent effects on eicosanoid release.
Whether or not arachidonate liberation can be specific for this fatty acid is contentious at present; if it is, then the mechanism of this specificity is one of the principal enigmas of this field. Another enigma is the role of phosphoinositides and plasmalogens. Both these lipid classes are very rich in arachidonate, but the control and mechanism of their catabolism is not clearly defined; plasmalogen catabolism in particular is a neglected area compared with most aspects of lipid research. There has been particularly exciting progress recently in the study of how anti-inflammatory steroids can influence arachidonate liberation. This is only a beginning, and it may be that further progress in this particular topic will help to clarify other areas of debate.
In the 16 years since it was first suggested that the availability of free arachidonate is the limiting factor in eicosanoid synthesis (Vogt et al., 1966) , great progress has been made in our understanding of how this availability is controlled. As in all areas of science, the questions that have been answered have in turn prompted yet more questions. If this Review has helped to clarify what those new questions are, and which of the old questions remain unanswered, then its main purpose will have been fulfilled.
While the responsibility for omissions and misinterpretations remains mine alone, it is a pleasure to acknowledge the contribution made to this review by Drs. R. M. C. Dawson, J. L. Gordon and J. D. Pearson.
